ABSTRACT Unmanned aerial vehicle (UAV) communications over cellular networks are currently gaining increased interest because it can enable real-time control of UAVs and wide-area coverage. We discuss various challenges for future UAV cellular networks, where cellular networks with down-tilted antennas optimized for terrestrial users can extend terrestrial cellular services to aerial users. To overcome challenges such as large channel variation and UAV power consumption in UAV cellular networks, we propose a technique of preamble design for these networks using scalable sequences. Specifically, three types of scalable sequences are proposed for efficient use of battery power in UAVs, namely, maximum-length scalable sequence, Zadoff-Chu scalable sequence, and linear frequency modulated (LFM) scalable sequence. The properties of these scalable sequences are analyzed and compared through simulations in different channel environments.
I. INTRODUCTION
With high mobility and low cost, unmanned aerial vehicles (UAVs), commonly known as drones, are attracting increased interest because of their wide range of applications. Although UAVs have been developed as military technology to reduce pilot losses in hostile territories, commercial UAVs are being rapidly adopted in several areas, including remote sensing, delivery, surveillance, search and rescue, aerial photography, agriculture, and communication relaying [1] - [8] .
Two different types of control schemes have been mainly used on UAVs, namely, autonomous and standalone control. In the former, a mission is accomplished using onboard computers to track predefined path information. However, real-time control is not possible with this scheme if an emergency intervention is needed. In standalone control, WiFi connectivity is normally used to remotely control UAVs in real time. However, WiFi connectivity may be lost for beyond line-of-sight (LoS) communication. Thus, cellular networks have been considered for providing ubiquitous coverage by exploiting the ground infrastructures of mobile operators that offer wide-area, high-speed, and secure wireless connectivity.
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are proposed for UAV communication. In [17] , a preamblebased beam training technique is proposed to track multiple UAVs in synchronous and asynchronous channel environments. In [18] , a hybrid beamforming technique for BS-to-UAV communications is proposed based on the observation that the wider beamwidth requires less training overhead but results in lower beamforming gain. In [19] , a pilot-based channel tracking technique for mmWave UAV communications is proposed by exploiting the angle reciprocity. However, in these techniques, additional 3D beamformers should be installed at the BS for UAV communication while antenna arrays at the BS in current cellular networks are used to serve terrestrial UEs.
It is also shown in the measurement results [9] that UAVs flying above the boresight of antenna arrays at the BS are likely to be served by sidelobes of the antenna array, because current cellular networks are optimized for terrestrial users. As BS antennas are down-tilted to confine the cell radius and thus mitigate inter-cell interference, the characteristics of radio links for UAVs differ from terrestrial cellular connection [20] . In fact, a UAV will receive a different signal strength depending on the altitude because the received signal strength (pathloss) varies depending on sidelobe patterns [21] . In addition, when the UAV does not receive a signal due to the presence of a null between sidelobes, it may be served by a distant BS (with different cell ID) instead of a geographically close BS. In this case, the pathloss will increase due to the long distance [22] . Consequently, the UAV will experience a large pathloss variation and require connection to other BS depending on its altitude.
Another challenge in UAV operation is the limited battery capacity. The UAV flight time is restricted to approximately 20 min, as imposed by the onboard battery capacity. Hence, new techniques for increasing flight time considering the very limited battery capacity should be developed to increase the adoption of UAVs for different applications. In [23] , several approaches are discussed for a network operator to address the UAV battery lifetime issue and design a UAV network that enables continuous wireless coverage. Three battery charging options are described for UAV cellular networks. In [24] , an optimization problem is formulated to minimize the energy consumption of drones in addition to determining the placement of these drones and guaranteeing a minimum rate for the users. In [25] , a joint optimization technique of route planning and task assignment is proposed for UAV-aided mobile crowd sensing systems to minimize the energy consumption of UAVs.
Like terrestrial cellular systems, a UAV attempting to access a BS is required for synchronization and cell search, which are essential for successful association and connectivity to the network. Synchronization in a UAV cellular network may include symbol timing acquisition and frequency synchronization. Cell search, on the other hand, involves the estimation of a physical cell ID. Preambles are transmitted by individual BSs to facilitate the UAV acquisition of synchronization parameters and cell ID. After synchronization and cell search, the UAV will be able to demodulate command and non-payload communication (CNPC) messages. Thus, the preambles for synchronization and cell search must be robust to guarantee detection by UAVs even in high-speed environments that induce the Doppler effect [26] , [27] .
To address the challenges in UAV cellular networks, we propose a new preamble design technique for next-generation UAVs, using scalable sequences (SSs). The proposed SSs are generated at the BS with the full available bandwidth because there is no power constraint at the BS. On the other hand, the UAV receives the SS with different bandwidth depending on the channel condition, as the UAV will experience large pathloss variations depending on its altitude and the BS sidelobe pattern. Specifically, the signal strength received by the UAV will be weak when the pathloss between the BS and UAV is large. In this case, a full bandwidth is used in the proposed technique to increase the detection probability of synchronization parameters and cell ID. When the pathloss is small, the signal strength received by the UAV will be strong. In this case, a small bandwidth is used to reduce UAV power consumption, as the synchronization parameters and cell ID can be easily detected. If a conventional preamble is used in this case, some synchronization parameters or the cell ID may not be detected due to bandwidth mismatch (waveform mismatch). In contrast, the proposed SS is designed to provide the correct synchronization parameters and cell ID even under different bandwidths at the receiver (i.e., UAV). Overall, the SS enables UAVs to increase detection performance using a large bandwidth under poor channel conditions and reduce battery consumption using a small bandwidth under good channel conditions.
The rest of paper is organized as follows. In section II, the concept of SS is introduced for UAV cellular networks. Three different types of SSs are proposed for efficient use of the UAV battery capacity, namely, maximum-length SS (M-SS) in section III, Zadoff-Chu SS (ZC-SS) in section IV, and linear frequency modulated SS (LFM-SS) in section V. The properties of these SSs are analyzed and verified through simulations in these sections. In section VI, the performance of the SSs are compared through simulations in different channel environments. Finally, conclusions are drawn in section VII. Fig. 1 shows a typical scenario of UAV communications over cellular networks. The BS in a cellular network normally has down-tilted antennas to reduce co-channel interference and confine the cell coverage area. Flying UAVs are likely to be served by the sidelobes of BS antennas. Consequently, the UAVs will receive varying signal strength depending on their altitude by the sidelobe patterns of BS antennas. The UAV may receive a relatively strong signal if aligned with the sidelobe direction, and no signal if located over a sidelobe null. In the latter case, the UAV may be served by a neighboring BS after making a handover. Thus, the UAV will experience a large variation of the channel characteristic (i.e., pathloss) and switch among different BSs depending on its altitude.
II. SS DESIGN
We devise a new preamble design technique for UAV cellular networks to efficiently use the UAV battery capacity in a channel environment with down-tilted antennas. In the proposed technique, the preamble is generated at the BS with full length N and transmitted using all the available bandwidth, given the lack of power constraints in the BS. The UAV receives the preamble with bandwidth according to the channel condition. When the UAV receives a weak signal, it detects the preamble using the full bandwidth. In this case, full-length N preamble sequence is used to increase the detection probability of synchronization parameters and cell ID. When the UAV receives a strong signal, it detects the preamble using a small bandwidth. In this case, a portion L (L < N ) of the preamble sequence is used as reference signal at the UAV to reduce power consumption because there is no difficulty in detecting synchronization parameters and cell ID.
In general, the UAV energy consumption is composed of two main components, namely the propulsion energy and communication related energy [28] , [29] . To reduce communication energy, we should use a smaller bandwidth because the energy consumption is linearly proportional to bandwidth. Note that the total energy of a time domain signal is the same as the energy of the corresponding frequency domain signal (Parseval's theorem). As the UAV receives a signal with larger bandwidth, its communication energy consumption increases.
In this paper, the concept of the SS is proposed to efficiently use the UAV battery capacity by changing the bandwidth depending on the channel condition. We define the SS as a sequence that preserves information (i.e., synchronization parameters and cell ID) even with a portion of the sequence in the receiver. In general, information cannot be preserved at the receiver if the preamble is acquired at a narrower bandwidth than the transmission one. However, when the SS is used to generate the preamble in UAV cellular networks, the information can be detected even at a narrow bandwidth. Fig. 2 shows a flow chart for the proposed scalable sequence design. In this paper, we only consider timing as synchronization parameter, because the carrier frequency offset can be easily estimated with a repetitive pattern in any type of preamble. In the sequel, we propose three different types of SSs for UAV cellular networks. We verify whether the SSs correctly provide the information (i.e., timing and cell ID) with a narrow bandwidth. We also discuss the required conditions for the sequences to be scalable.
III. M-SS
Maximum-length sequences (m-sequences) are used for preamble design in systems based on orthogonal frequency division multiplexing (OFDM) such as LTE and 5G new radio (NR) systems [30], [31] . As our design is also based on OFDM cellular systems, the M-SS is generated like the NR primary synchronization signal (PSS) at the transmitter. An m-sequence of length N is generated at the BS and allocated to N subcarriers in the frequency domain. Then, the time-domain sequence of length N , obtained from the inverse discrete Fourier transform (IDFT) of the m-sequence, is transmitted by the BS as a preamble. However, in M-SS, the preamble is received at the UAV with a bandwidth according to the channel condition. A bandwidth corresponding to L (L≤ N) subcarriers is used at the receiver (i.e., UAV) 
where 
where
The terms in (2) can also be given by 
From (5), it can be seen that the correlation function has maximum R MSS
Thus, the peak always appears at the correct timing (m = 0) regardless of the value of L when preamble detection is performed with M-SS. Fig. 3 illustrates the autocorrelation property of M-SS. The cell ID used to generate the m-sequence at the transmitter is assumed to be the same as that used to generate the reference signal at the receiver. That is, the same sequence is used to generate the reference signal. Fig. 3(a) shows the case L = N =1023, whereas Fig. 3(b) shows the case L≈N/4, with L =256 and N -L =767. The bandwidth at the receiver is marked with diagonal lines in the left-hand side graphs. The correlation obtained by (4) agrees with the simulation. In addition, the peaks occur at the correct timing and decrease with the bandwidth size. (Fig. 4(a) for c = c ) and different (Fig. 4(b) for c = c ) cell IDs generating the preamble and reference signals. The signals are generated with different cyclic shifts of m-sequence in the frequency domain, corresponding to the cell IDs. We considered L ≈ N/2 (N = 1023 and L = 512). As can be seen in these figures, the preamble is detected with the correct timing only when the same cell ID is used (Fig. 4(a) ). Overall, the analyses and simulation results in this section confirm that the M-SS is an SS producing correct timing and cell IDs. The M-SS does not require any special condition on sequence length N .
IV. ZC-SS
The Zadoff-Chu (ZC) sequence is widely used for preamble design in OFDM systems because of its good correlation property and low peak-to-average power ratio (PAPR) [32] . A ZC sequence can also be converted into another ZC sequence with different root index after applying the DFT/IDFT [33] . We propose a method to generate ZC-SS for OFDM-based cellular networks. The condition for the ZC-SS to become an SS is also derived.
The ZC-SS is generated analogously to the M-SS. A ZC sequence of length N is generated at the BS and allocated to N subcarriers in the frequency domain. In the ZC-SS, the cell ID corresponding to the BS is mapped onto the root index of The ZC sequence is given by
The ZC sequence has the following property for length N ≥ 4 being a power of 2:
where 0 ≤ k < N /4. The IDFT of the ZC sequence obtained using (7) is given by
where 0 ≤ k < N /4. In (8), the term inside the summation, X
is nonzero when k is a multiple of four ( k = 4k ) and zero otherwise. Hence, (8) can be rewritten as
where 0 ≤ k < N /16. Equation (9) [n]
wherẽ
where [n] produces a peak value of N /4 when timing and cell ID agree, and a low correlation otherwise. Thus, the ZC-SS can be generated with a ZC sequence of length N if N ≥ 16 and N is a power of 2. Fig. 5 illustrates the autocorrelation property of ZC-SS for the same cell ID (i.e., root index) being used to generate the preamble and reference signal and N = 1024. Fig. 5(a) and (b) show the cases L equal to N and N /2, respectively. Peaks always occur at the correct timing, and the value of the peak for L = N/2 is half of that for L = N. These results confirm that the correct timing can be obtained with ZC-SS when N ≥ 16 and N is a power of 2. Fig. 6 shows the correlation for the same (Fig. 6(a) for c = c ) and different ( Fig. 6(b) for c = c ) cell IDs generating the preamble and reference signal with L = N/2. In Fig. 6(a) , the correlation between the preamble and reference signal produces a peak at the correct timing as the cell IDs agree. In contrast, Fig. 6(b) shows a low correlation as the cell IDs differ. Again, the analysis and simulation results in this section confirm that the ZC-SS is an SS producing correct timing and cell IDs if the condition on N is satisfied.
V. LFM-SS
Linear frequency modulated (LFM) signals have been widely used for surveillance applications such as radar and sonar because of their robustness to the Doppler shift [34] . Although LFM signals have also been used for preamble detection in surveillance applications, their use in cellular networks has not been reported. In cellular networks, many cell IDs should be generated and incorporated into the preamble design, such that the mobile station (MS) can distinguish among neighboring BSs. However, it is difficult to design an LFM signal carrying the transmitter identity information. We propose a method to generate LFM-SS for UAV communications over cellular networks. An LFM signal in the continuous time domain is given by
where τ and β denote a symbol duration and sweeping parameter, respectively. Discretizing (12) in time results in
Here, T , f , and N LFM denote the sampling period, subcarrier spacing, and number of samples in the LFM signal, respectively. Also, δ denotes product β· T . For a given δ, we can generate only two different LFM signals of up-chirp and down-chirp types. In the proposed LFM-SS, different cell IDs are generated by combining the up-chirp and down-chirp signals for fixed δ in different patterns. Fig. 7 illustrates LFM-SS comprising a sequence of up-chirp, up-chirp, downchirp, and up-chirp signals, representing one of the 16 possible cell IDs. In this example, the sequence length of an LFM-SS is given by N = 4N LFM . At the receiver, different patterns of LFM signals with the same δ are generated as reference signals and correlated with the received preamble. The timing and cell ID are detected using serial or parallel correlators with the reference signals. The cell ID is detected when the patterns of the received signal and reference signal match. However, in the LFM-SS, the UAV receives signals with bandwidth according to the channel condition. As the bandwidth is proportional to the symbol duration in the LFM case for a given δ, the length L of the reference signal in LFM-SS changes depending on the channel condition. For example, L is set to N LFM when the UAV receives the signal with full bandwidth and to N LFM /4 when the UAV receives the signal with a quarter of the bandwidth.
Next, the correlation between the preamble with full bandwidth and reference signal with different bandwidth is analyzed to check the scalable property of LFM-SS. Here, [n] represents the reference signal of length L at the receiver. When L = N LFM , the correlation between the preamble and reference signal is given by
The correlation results for m ≥ 0 and m < 0 are given by
When m = 0, the maximum of R LFM xx [m] = N LFM is obtained. Fig. 8 compares the analytic results in (15) and (16) with the simulation results when N LFM = 1024. The simulation results agree well with the analytic results. Timing is correctly detected when the reference signal with L = N LFM is used. The scalable property of LFM-SS can be analyzed by correlating the preamble of length N LFM with the reference signal of different length L. WhenL = N LFM /4, the correlation between the preamble and reference signal is given by
The correlation results for three different regions of m can be obtained as follows. 
If m < 0, 
VI. SIMULATIONS
We evaluated the performance of the three proposed SSs for UAV communications over cellular networks. First, we evaluated the effect of Doppler shifts when the SSs are used for VOLUME 7, 2019 preamble in OFDM-based UAV cellular networks. Fig. 11 shows the maximum correlation values of the three SSs for varying ε. Here, the result of the LFM signal in Fig. 10 is inserted for comparison. In Fig. 11 , the maximum correlation of the LFM signal is above 0.9 for every ε. Hence, the preamble based on the LFM can provide the best performance in Doppler environments. However, the LFM signal cannot be used for SS design in UAV cellular networks because it can provide only two cell IDs (up-chirp and down-chirp). Among the proposed SSs, the LFM-SS shows the best performance (slightly worse than the LFM signal, but better than ZC-SS and M-SS) because this SS is generated using the LFM signal. Fig. 11(b) shows the difference between the real and estimated timing instants under Doppler shift. The timing was estimated as the instant when maximum correlation occurred. Among the three SSs (excluding the LFM signal), the LFM-SS shows the best performance (smallest timing error). Fig. 12 shows the detection probability of the three proposed SSs at the receiver when no Doppler shift exists. Here, a successful detection corresponds to the case where the correct timing and cell ID are detected. We compared the SS performance for two lengths, L, of N and N/4. The detection probability of the three SSs with full bandwidth (L = N) at the receiver is almost the same. In addition, the transmitted preamble can be correctly detected under low signal-tonoise ratio (SNR) even with a quarter of the bandwidth (i.e., L = N/4). As SSs with a quarter of the bandwidth are used under a good channel condition, the performance loss caused by this bandwidth in Fig. 12 can be compensated by a small pathloss (good channel) in the proposed technique. In this case, UAV battery power is saved by the narrow bandwidth. On the other hand, the performance gain obtained by SSs with a full bandwidth will be offset by a large pathloss (poor channel) in the proposed technique. In this case, a weak signal received at the UAV can be compensated by the gain in Fig. 12 . . 13 shows the detection probability of the three SSs under Doppler shift (ε = 0, 0.5, 1). Simulation is performed using the 3D spatial channel model (SCM). A Rician fading channel with a K-factor of 25 dB is employed for simulation [35] - [40] . The Rician fading channel is composed of an LoS path and a non-LoS path consisting of 20 rays. In simulation, it is assumed that the height of UAV is 70 meter above from ground, height of BS is 30 meter, and UAV is 51 meter away from BS. The detection probability is similar among SSs when ε = 0. When ε = 1, the performance degradation of the LFM-SS is negligible. However, the detection probability of M-SS and ZC-SS substantially decreases under Doppler shift and converges to 0. As can be expected from the results in Fig. 11 , the LFM-SS provides the highest detection probability in Doppler environments.
The properties of the proposed three sequences are summarized in Table 1 . It is preferable to use M-SS and ZC-SS when Doppler shift is small, because their sensitivity to Doppler shift. When ZZ-SS is used, the conditions on the length of ZZ-SS should be satisfied. When Doppler shift is high, it will be beneficial to use LFM-SS because its insensitivity to Doppler shift.
VII. CONCLUSION
We propose a preamble design technique for UAV communications over cellular networks to efficiently use the battery capacity of UAVs. We show that the three proposed SSs enable the UAV to correctly detect the timing and cell ID with bandwidth depending on the channel condition. The M-SS provides the highest detection probability with no Doppler shift. However, its performance substantially decreases with Doppler shift. Hence, the M-SS may be preferable in cellular networks with carrier frequency below 6 GHz, where the Doppler effect is not significant. Similar performance can be obtained for the ZC-SS if the condition on the sequence length is satisfied. Furthermore, for LFM-SS, a negligible degradation of performance (i.e., detection probability) occurs even under high Doppler shift, because the LFM-SS is based on the Doppler-insensitive LFM signals. Thus, the LFM-SS may be preferable in UAV cellular networks with carrier frequency above 6 GHz, where the Doppler effect must be considered.
